Statins are competitive inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, a rate-limiting step of the mevalonate pathway. The pleiotropic effects of statins may be due to inhibition of cholesterol synthesis, as well as decreased availability of several biologically important intermediate components of the mevalonate pathway, including two substrates for isoprenylation (farnesyl pyrophosphate [FPP] and geranylgeranyl pyrophosphate [GGPP]). Recently, we demonstrated statin-induced inhibition of ovarian theca-interstitial cell proliferation in vitro, as well as reduction of testosterone levels in women with polycystic ovary syndrome (PCOS). This study evaluates the relative contribution of inhibition of isoprenylation and/or cholesterol availability to the modulation of thecainterstitial proliferation. Rat theca-interstitial cells were cultured in chemically defined media with or without simvastatin, FPP, GGPP, squalene, and/or two membrane-permeable forms of cholesterol (25-hydroxycholesterol and 22-hydroxycholesterol). Simvastatin inhibited DNA synthesis and the count of viable cells. The effects of simvastatin were partly abrogated by FPP and GGPP but not by squalene or cholesterol. Inhibition of farnesyl transferase and geranylgeranyl transferase reduced cell proliferation. The present findings indicate that simvastatin inhibits proliferation of theca-interstitial cells, at least in part, by reduction of isoprenylation. These observations provide likely mechanisms explaining clinically observed improvement of ovarian hyperandrogenism in women with PCOS.
INTRODUCTION
Ovarian mesenchyma (theca-interstitial tissues) are a major source of androgens. Normal ovarian function, including folliculogenesis and steroidogenesis, requires effective mechanisms regulating theca-interstitial growth and function. Under pathological conditions such as in polycystic ovary syndrome (PCOS), ovaries are significantly enlarged, and they are characterized on histological evaluation by prominent thecainterstitial hyperplasia [1] . Potential contributors to excessive growth of theca-interstitial tissues in PCOS include insulin, insulin-like growth factor 1 (IGF1), and moderate oxidative stress. Indeed, PCOS is associated with hyperinsulinemia, elevated free IGF1, and increased oxidative stress [2] [3] [4] [5] [6] [7] [8] . Our previous in vitro studies [9] [10] [11] have demonstrated that insulin, IGF1, and moderate oxidative stress (such as that induced by hypoxanthine-xanthine oxidase) stimulate proliferation of rat theca-interstitial cells. In contrast, mevastatin induced a concentration-dependent reduction of theca-interstitial proliferation [12, 13] . Furthermore, we have evaluated the effects of another statin, simvastatin, on the endocrine profile of women with PCOS. In a randomized clinical trial, treatment with simvastatin resulted in a significant reduction of total and free testosterone [14, 15] . In a subsequent randomized trial, other investigators found that another statin, atorvastatin, also markedly reduced androgen levels in women with PCOS [16] .
Statins are thought to act primarily by competitive inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, an early step of the mevalonate pathway; hence, the effects of statins may be related to decreased availability of several biologically important products of this pathway, including substrates of isoprenylation (farnesyl pyrophosphate [FPP] and geranylgeranyl pyrophosphate [GGPP]), as well as reduction of the availability of cholesterol [17] [18] [19] . This study was designed to evaluate potential contributions of these compounds to the observed inhibition of theca-interstitial proliferation by a statin.
MATERIALS AND METHODS

Animals
Female Sprague-Dawley rats were obtained at age 25 days from Charles River Laboratories (Wilmington, MA) and housed with 12L:12D in an airconditioned environment. All animals received standard rat chow and water ad libitum. At ages 28, 29, and 30 days, the rats were injected with 17b-estradiol (1 mg/0.3 ml of sesame oil s.c.) to stimulate ovarian development and growth of antral follicles. Approximately 24 h after the last injection (at age 31 days), the animals were anesthetized using ketamine and xylazine (i.p.) and euthanized during intracardiac perfusion using 0.9% saline. All treatments and procedures were carried out in accord with accepted standards of humane animal care as outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals and a protocol approved by the Institutional Animal Care and Use Committee at the University of California, Davis.
Cell Culture and Reagents
Collection and purification of ovarian theca-interstitial cells were performed as previously described [9, 20] . Briefly, ovaries were dissected, and thecainterstitial cells were purified using discontinuous Percoll gradient centrifugation. The cells were counted, and viability was routinely in the 85%-95% range. Theca-interstitial cells were incubated in 96-well plates (35 000 cells/ well). The cultures were carried out for 48 h at 378C in an atmosphere of 5% CO 2 in humidified air in serum-free McCoy 5A medium (supplemented with antibiotics, 0.1% bovine serum albumin, and 2 mM L-glutamine). The cells were incubated without (control) or with simvastatin (10 lM), FPP (1-30 nM), GGPP (1-30 nM), farnesyltransferase inhibitor 277 (FTI) (1-10 lM), geranyltransferase inhibitor 298 (GGTI) (1-10 lM), squalene (3-30 lM), 25-hydroxycholesterol (3-30 lM), and 22-hydroxycholesterol (3-30 lM). All of the chemicals were purchased form Sigma Chemical Co. (St. Louis, MO).
Proliferation Assays
Theca-interstitial cells were incubated for 48 h in 96-well culture plates with or without individual additives. DNA synthesis was quantified using a thymidine incorporation assay. Radiolabeled [ 3 H] thymidine (1 lCi/well) was added to the cells during the last 24 h of culture. At the end of the culture period, the cells were harvested using a multiwell cell harvester (PHD Harvester, model 290; Cambridge Technology, Inc., Watertown, MA). Radioactivity was measured in a liquid scintillation counter (SL 4000; Intertechnique, Fairfield, NJ). Each treatment was carried out in at least eight replicates.
The total viable cell number was estimated using a 4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenil)-2H-tetrazolium (MTS) assay (CellTiter 96 AQueous One; Promega, Madison, WI). This assay involves conversion of MTS to colored formazan by mitochondrial dehydrogenase within living cells; the maximal absorbance of the formazan released to the culture medium is 490 nm [21] . The MTS assay is an indirect measure of the number of viable cells. The actual absorbance observed during each experiment depends not only on the number of cells but also on the duration of incubation of reagents with cells, the temperature, and the state of the cells (freshly collected vs. cells attached to the plate). Consequently, a direct comparison of the actual cell number at the beginning and at the end of any individual experiment is not reliable. Hence, in this study, the absorbance in the treatment cultures was expressed relative to the absorbance detected in the control cultures (% of control). Based on experiments in which the known cell number (directly counted under the microscope) was evaluated also by MTS, we estimate that the number of cells per well in the control culture typically doubles to quadruples after 48 h of culture.
Statistical Analysis
Baseline data are presented as the mean 6 SEM. Statistical analysis was performed using JMP 7.0 (SAS Institute, Cary, NC). Normality of distribution was evaluated using Shapiro-Wilk test. When required, data were logarithmically transformed [22] . Statistical analysis was performed using ANOVA, followed by post hoc pairwise comparisons using Bonferroni correction.
RESULTS
Inhibition of the mevalonate pathway by statins leads to decreased production of two substrates for isoprenylation: FPP, which is required for farnesylation, and GGPP, which is required for geranylgeranylation. To test whether statininduced reduction of DNA synthesis is related to decreased isoprenylation, theca-interstitial cells were cultured without (control) or with simvastatin (10 lM) and/or varying concentrations of FPP and GGPP.
As shown in Figure 1A , simvastatin alone induced profound inhibition of DNA synthesis by 79% (P , 0.001). In contrast, FPP alone had no significant effect on DNA synthesis. However, in the presence of simvastatin, the addition of FPP resulted in a concentration-dependent restoration of DNA synthesis. A statistically significant restoration of DNA synthesis was observed starting at 10 lM FPP; at the highest concentration of 30 lM, FPP significantly increased thymidine incorporation 3.1-fold above the level in the presence of simvastatin alone (P , 0.001).
To determine whether these effects were also reflected by changes in the number of viable theca-interstitial cells, we also performed the MTS assay. Figure 1B shows the effects of simvastatin and FPP on the cell number. Simvastatin alone significantly reduced the cell number by 52% (P , 0.01). In contrast, FPP partly reversed this inhibition; the initial and maximal effect was observed at 10 lM FPP, with an increase in the cell number 62% above the cell number observed in the presence of simvastatin alone (P , 0.001). Figure 2 shows the role of GGPP in amelioration of the simvastatin-induced effects. The GGPP alone had no significant effect on DNA synthesis, while the total number of viable cells increased by 44% (P , 0.01) at the highest concentration of GGPP (Fig. 2B ). The addition of GGPP to simvastatintreated cultures resulted in a concentration-dependent restoration of DNA synthesis. A statistically significant increase in DNA synthesis was initially observed at 10 lM GGPP; at the highest concentration of GGPP (30 lM), DNA synthesis was 2.5-fold greater (P , 0.001) than that in the presence of simvastatin alone. In a similar fashion, simvastatin-induced inhibition of the number of viable cells was partly reversed by GGPP. A significant 50% increase in the cell number (P , 0.01) was initially observed at 10 lM GGPP; at the highest concentration of GGPP (30 lM), the cell number increased by 94% (P , 0.001) above the level detected in the presence of simvastatin alone.
To further test the role of isoprenylation in the modulation of theca-interstitial growth, the effects of specific inhibitors of farnesylation and geranylgeranylation were evaluated. As shown in Figure 3 , FTI (a selective inhibitor of farnesyl transferase) induced a significant decrease in DNA synthesis by 36% (P , 0.01) and reduced the number of viable cells by 23% (P , 0.05) below control values. Similarly, GGTI (a selective inhibitor of geranylgeranyl transferase) decreased DNA synthesis by up to 49% (P , 0.001) but had no statistically significant effect on the number of viable cells.
Because simvastatin-induced inhibition of growth of thecainterstitial cells may also be due to depletion of squalene and/or cholesterol, additional experiments were carried out evaluating the role of these compounds. As shown in Figure 4 , squalene had no significant effect on DNA synthesis or the cell count in the absence or presence of simvastatin. To study the effects of cholesterol, two membrane-permeable analogs of cholesterol were used, namely, 25-hydroxycholesterol and 22-hydroxycholesterol [23, 24] . As shown in Figure 5 , in the absence of simvastatin, 25-hydroxycholesterol alone induced profound inhibition of DNA synthesis and the viable cell number at doses of 10-30 lM. In the presence of simvastatin, the addition of 25-hydroxycholesterol also resulted in further suppression of cell growth above and beyond the effects of simvastatin. A similar but less potent pattern was observed in experiments using 22-hydroxycholesterol (Fig. 6) .
DISCUSSION
In the present study, we have shown (1) that ovarian thecainterstitial cell growth is profoundly inhibited by simvastatin, (2) that this suppressive effect of simvastatin is partly reversed by the precursors of isoprenylation but not by squalene or cholesterol, and (3) that cell growth is also inhibited by inhibitors of isoprenylation.
Conceptually, the inhibitory effects of statins on cell growth may be mediated by various pathways and mechanisms related to inhibition of HMG-CoA reductase and hence by several biologically active products of the mevalonate pathway (Fig.  7) . Because growth of tissues requires availability of cholesterol, statin-induced reduction of cholesterol levels may be a potentially important explanation for reduced DNA synthesis and the number of viable cells. However, in this study, squalene (a precursor of cholesterol) and two cell membrane-and mitochondrion-permeable analogs of cholesterol did not reverse the inhibitory effects of simvastatin, indicating that a limited supply of cholesterol is not a likely factor in the observed effects of simvastatin. Furthermore, both 25-hydroxycholesterol and 22-hydroxycholesterol reduced theca-interstitial cell growth in the absence and presence of simvastatin. A possible explanation for the observed suppression of cell growth by cholesterol is the well-described inhibitory effect of cholesterol and its analogs on HMG-CoA reductase [25] [26] [27] [28] . These actions of cholesterol are related to suppression of the cleavage of sterol regulatory element-binding proteins, which in turn leads to reduced gene transcription and ultimately to decreased levels of enzymes controlling cholesterol synthesis, including HMG-CoA reductase and HMG-CoA synthase. Ultimately, the mevalonate pathway is suppressed, including decreased levels of the precursors of isoprenylation (FPP and GGPP).
This explanation fits well with the present observations that FPP and GGPP significantly ameliorated statin-induced suppression of cell proliferation in a concentration-dependent fashion. In addition, the relevance of isoprenylation pathways is supported by the observation that selective inhibitors of farnesyl transferase and geranylgeranyl transferase also reduced theca-interstitial proliferation.
Notably, the addition of FPP alone or GGPP alone had no consistent significant effect on proliferation except for a modest stimulatory effect of GGPP at 30 lM (Fig. 2B) . We speculate that, under basal conditions in the absence of inhibition by statin, cells may have a sufficient supply of substrates for isoprenylation; hence, a further increase in the supply of FPP and GGPP may have no significant effect.
Farnesylation and geranylgeranylation are likely relevant because of their role in posttranslational lipid modifications of several proteins that are important to regulation of tissue growth [18, 19, 29] . Specifically, interruption of farnesylation leads to reduction of membrane-bound RAS and hence diminished activity of mitogen-activated protein kinase 1 (MAPK1). In our previous studies [9, 11, 30] , we demonstrated that insulin and moderate oxidative stress induce thecainterstitial proliferation and that these effects are mediated, at least in part, by MAPK1. More recently, we showed that another statin (mevastatin) inhibits growth of theca-interstitial cells and reduces activity of MAPK1 [13] .
Another relevant protein that undergoes farnesylation is RHEB, a small guanosine triphosphatase (GTPase) that positively regulates the mammalian target of rapamycin (FRAP1, also known as mTOR) upstream of RPS6KB1 [31] . Our previous findings have shown that RPS6KB1 activity is important in induction of proliferation of theca-interstitial cells by insulin and moderate oxidative stress [30] . Recently, one of the statins (atorvastatin) was shown to inhibit growth of tuberous sclerosis complex 2-null cells by mechanisms involving impaired function of RHO and RHEB [32] .
In the present study, GGPP appeared to be at least as potent as FPP in reversing simvastatin-induced inhibition; hence, it is likely that geranylgeranylation may also be of importance in the modulation of theca-interstitial growth. Indeed, geranylgeranylation regulates function of several small GTPases, including RHO, RAC, and CDC42, which may have a significant role in regulation of theca-interstitial growth. RHO, RAX, and CDC42 are involved in regulation of organization of the actin cytoskeleton; furthermore, microinjection of these proteins into fibroblasts induces cell cycle progression via pathways independent of MAPK1 [33] . One of the statins (cervistatin) was shown to reduce proliferation and invasion of a breast cancer cell line via mechanisms involving inhibition of the RHO pathway [34] .
Another potentially important pathway that may explain the role of geranylgeranylation in regulating theca-interstitial growth involves the modulation of NADPH oxidase (a multicomponent enzyme), which may consist of several subunits, including RAC1, CYBA (also known as p22phox), and NOX1 [35, 36] . The modulation of subunit expression is important for the activity of NADPH oxidase, a major intracellular source of reactive oxygen species (ROS). Because induction of oxidative stress by ROS may promote proliferation of theca-interstitial cells, it may be tempting to speculate that the actions of statins may involve reduction of oxidative stress by decreasing NADPH oxidase activity by mechanisms that possibly involve reduction of geranylgeranylation of RAC1 and reduction of availability of other subunits. Indeed, consistent with this concept, findings in vascular smooth muscle have demonstrated that one of the statins (atorvastatin) reduces mRNA expression of several subunits of NADPH oxidase, as well as reduced RAC1 membrane translocation and activity [37] .
Most important, in this study, the evaluation of growth of theca-interstitial cells was carried out by two distinctly different approaches, namely, assessment of DNA synthesis and indirect counting of viable cells by MTS assay. Close inspection of our findings (e.g., Figs. 1 and 2) indicates that the inhibitory action of simvastatin appeared greater in assays evaluating DNA synthesis than in assays evaluating the cell number. Furthermore, the effectiveness of FPP and GGPP in the restoration of the cell number was greater than that in the restoration of DNA synthesis. The differences in the observed effects for the two methods may be related to at least two factors. First, the relationship of the cell count and DNA synthesis depends on the proportion of cells undergoing division; thus, for example, when a small proportion of cells undergoes division, the effects on DNA synthesis are greater than the effects on the total cell number. Second, the number of viable cells depends not only on the rate of proliferation and DNA synthesis but also on the rate of cell death (e.g., apoptosis).
The present observations have potentially important clinical implications. Because PCOS is characterized by excessive growth of ovarian theca-interstitial cells and hyperandrogenism, statin-mediated reduction of growth of these tissues may be important in decreasing ovarian androgen production. Indeed, our previous studies [14, 15] have shown that simvastatin significantly reduces androgen levels. More recently, marked reduction of androgen levels was observed Farnesyl pyrophosphate is required for farnesylation; this step is inhibited by FTI. Geranylgeranyl pyrophosphate is required for geranylgeranylation; this step is inhibited by GGTI.
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in patients with PCOS using atorvastatin [16] . However, it should be noted that in reproductively healthy women statins may have potentially adverse effects on reproductive function (e.g., by interfering with normal folliculogenesis).
In conclusion, the present findings suggest that simvastatin inhibits growth of ovarian theca-interstitial cells by mechanisms involving reduction of farnesylation and geranylgeranylation but not reduction of the availability of cholesterol. These actions may explain clinically observed improvement of ovarian hyperandrogenism in women with PCOS.
